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USE OF AN ELBOW IN A PIPE LINE FOR DETERMINING
THE RATE OF FLOW IN THE PIPE
I. INTRODUCTION
1. Object and Scope of Investigation.-The tests herein reported
were made for the purpose of obtaining information concerning the
feasibility of using an elbow in a pipe line as a means of determining
the flow of a fluid through the pipe, by measuring the difference be-
tween the pressures of the fluid on the inside and outside curves of the
elbow, respectively, as indicated in Fig. 1. Some of the desirable char-
acteristics of an elbow used as a flow meter are low initial cost, small
cost of upkeep, and no additional resistance to flow due to the elbow
being converted into a meter.
There are very few published data'- 9* available concerning elbows
used as flow meters, especially data concerning the ordinary com-
mercial type of elbow.
The tests reported in this bulletin were made on threaded and
flanged elbows of long and short radii, ranging in diameter from one
inch to twenty-four inches. Sixteen different elbows were tested in
nearly forty different positions and locations in various pipe lines. All
the elbows tested were 90-deg. bends; typical elbows are shown in
Fig. 2. Water was the only fluid used in the tests of the elbow meters
herein reported.
2. Acknowledgments.-The investigation reported in this bulletin
was carried out in the Hydraulics Laboratory of the University of
Illinois as part of the work of the Engineering Experiment Station,
of which DEAN M. L. ENGER is the director, and of the Department of
Theoretical and Applied Mechanics, of which PROF. F. B. SEELY is
the head.
The tests on the 24-in. elbows were made by MR. E. C. CHAMBER-
LIN, JR., a senior student at the University of Illinois, in satisfying
the requirement for a thesis for the degree of Bachelor of Science.
II. APPARATUS AND METHOD OF TESTING
3. General Considerations.-Only elbows commonly used in engi-
neering practice were tested; Table 1 gives a list of the elbows used
in the investigation. Many of these elbows were tested in different
*Numerical indices refer to correspondingly numbered references in the bibliography at the
end of the bulletin.
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FIG. 1. DIAGRAMMATIC SKETCH OF ELBOW METER
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FIG. 2. SKETCH OF TYPICAL ELBOWS TESTED
positions, vertical and horizontal, and at locations where they were
preceded by different lengths of straight pipe.
An elbow is converted into a flow meter by attaching pressure con-
nections from the inside and outside curves of the elbow to a differ-
ential gage, as shown in Fig. 1. The difference between the pressures
at the inside and outside curves of the elbow, caused by the dynamic
action of the flowing water, can be measured by means of the differ-
Threaded
hort Ra'd/us
r=D
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TABLE 1
ELBOWS TESTED
Radius of Center Line of Nominal Diameter Number of Elbows
Type of Elbow Bend in Terms of of Elbow Tested
Diameter of Elbow in.
Threaded ............. r = D 1 2
2 2
4 1
Flanged............... r = 1.5D 4 3
A.W.W.A. Standard
Cast Iron
r=D 6 1
A.S.M.E. Standard 8 2
Cast Iron 10 2
12 1
r = 0.8 D Segmented 24 2
Riveted Steel
ential gage. The pressure connections, /4 in. in diameter, except for
the one-inch elbows, when Y/-in. openings were used, were made on
the inside and outside curves of each elbow at points approximately
45 deg. from each flange, or end, and in the plane of symmetry of the
elbow. Great care was taken to remove any burrs which might have
formed due to the drilling of holes for the pressure connections, and
to see that the pipes fitting into these holes did not project beyond
the inside wall of the elbow. Ordinary differential gages were used
to measure the difference in pressure between the inside and outside
curves of the elbows. The gage glass used was 9/16 in. in inside di-
ameter, which was larger than that generally specified (2-in.) as
being of sufficient size to permit the effect of surface tension and
capillary attraction to be neglected. The maximum difference in the
height of gage columns that could be read was 4.9 feet. The pipes
leading to the gages were flushed before readings were taken in order
to expel air, and to have these pipes filled with water at the same
temperature. To make the reading on the differential gages as large as
permissible for the gage column used for various velocities of the
water in the pipe, fluids of different specific gravities were used in the
gage. The fluids used were mercury, (sp.gr. 13.59), acetylene tetra-
bromide, (sp.gr. 2.964), carbon tetrachloride (sp.gr. 1.595) or a mix-
ture of carbon tetrachloride and gasoline (sp.gr. usually 1.254). The
specific gravity was determined by means of a five-foot glass U-tube.
All gage fluids mentioned except the mercury were dyed with an oil-
soluble dye to render them more easily seen. Readings of the differ-
ential gages were taken to the nearest %oo ft. although in some
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tests 1/ooo ft. could be estimated with accuracy due to the great
steadiness of the gage fluid columns. The temperature of the water
was taken during each run, and was used in computing Reynolds'
number.
The quantity of water discharged was determined by weight in the
tests of the one-inch and two-inch elbows, and by means of calibrated
volumetric tanks in the tests of all other elbows. The discharge con-
trol valve was downstream from all the elbows tested, except for one
series of tests on 10-in. elbows. In determining the rate of discharge
time was measured by means of a stop watch. For all tests except
those of the 24-in. elbows the water was taken from a standpipe six
feet in diameter and sixty-five feet high, near the top of which was
an overflow weir approximately fifteen feet long over which water
flowed continuously. The maximum variation of the water level in
the standpipe did not exceed one inch during these tests. The maxi-
mum discharge from the standpipe was 6500 gal. per min., supplied by
5 motor-driven centrifugal pumps having capacities of 500, 1000, 1000,
2000, and 2000 gal. per min., respectively. The water for the 24-in.
elbows was supplied directly from a 20 in. by 20 in. centrifugal pump
which had a rated capacity of 13 500 gal. per min. against a head
of 35 ft.
4. One-inch Elbows.-Two elbows, designated as elbow No. 1 and
elbow No. 2, of nominal 1-in. diameters with standard threaded ends
were tested. The actual inside diameter of the pipe was 1.06 in. and
that of the elbow was 1.25 in. The two elbows were placed in a pipe
line with 13.85 ft. (156 diameters) of straight pipe between them.
The two locations of the elbows were designated as East and West
respectively. The water flowed from the West location to the East
location. The elbows were first tested with elbow No. 1 in the East
location, where it was preceded by 13.85 ft. (156 diameters) of straight
pipe and elbow No. 2 in the West location where it was preceded by
27.7 ft. (approximately 313 diameters) of straight pipe. After a series
of tests were made with the elbows in these locations their positions
were interchanged but the direction of flow was not changed, and
the %-in. nipples in the elbows for the pressure connections were not
changed. After this second series of tests was made the elbows were
replaced in their original positions and a third series of test readings
was taken.
The results of these tests are shown in Fig. 10 on logarithmic
cross-section paper with the values of h (difference in pressure head at
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FIG. 3. TWO-INCH AND FOUR-INCH ELBOW METERS
the bend in feet of water) as ordinates, and V (average velocity in
pipe, in ft. per sec.) as abscissas.
5. Two-inch Elbows.-Two 2-in. elbows were tested; both elbows
had standard threaded ends. The actual inside diameter of these
fittings was 2.41 -+- in., and that of the pipe was 2.06 in. The two
elbows were located in the same pipe line 6.9 ft. apart. Water flowed
from elbow No. 1 which was preceded by 153.5 ft. (about 920 diam-
eters) of straight pipe to elbow No. 2 which was preceded by 6.9 ft.
(approximately 41 diameters) of straight pipe. One differential gage
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was used to indicate the pressure differences in the two elbows, the
gage being so arranged as to allow the pressure connections to one
elbow to be shut off while those to the other elbow were used. A view
of the gage and connections may be seen in Fig. 3. The results of the
tests on 2-in. elbows are shown graphically in Fig. 10.
6. Four-inch Elbows.-The 4-in. elbow of the short radius type
with threaded ends was located 7 ft. (approximately 20 diameters)
from a single-stage centrifugal booster pump. The actual inside di-
ameter of this elbow was 4.66 in., and that of the pipe 4.03 in. The
high velocities used caused such large differences in pressure at the
elbow that it was necessary to use mercury for the gage fluid in the
differential gage. The discharge was measured in a steel tank 6.00 ft.
in diameter and 10 ft. deep. The results of these tests are also shown
in Fig. 10.
The three 4-in. long-radius flanged elbows were tested in three loca-
tions in the same pipe line. The three locations were designated South-
east, Southwest, and Northwest and were preceded by 150.2 ft. (450
diameters), 8.5 ft. (25.5 diameters), and 128 ft. (384 diameters),
respectively, of straight 4-in. pipe. An individual gage was used for
each elbow. The method of taking readings during any one run was
to read all three gages during the time the water was flowing into the
measuring tank, thus assuring the same discharge through each of
the three elbows for any one set of readings. The tank used for
measuring the discharge was of steel, 6.00 ft. in diameter and 10 ft.
deep. After a series of tests had been completed the elbows were inter-
changed in location and the tests repeated. This procedure was con-
tinued until all three elbows had been tested in each of the three differ-
ent locations; then each elbow was replaced in its original position
and retested. A portion of the apparatus used in this test is shown
in Fig. 3. The relation between h, the difference in pressure head at the
inside and outside curves of the elbow, and V, the velocity in the pipe
is shown graphically in Fig. 11.
7. Eight-inch and Six-inch Elbows.-Two 8-in. cast-iron flanged
elbows were tested. Elbow No. 2 was preceded by 10.5 ft. (approxi-
mately 16 diameters) of straight 8-in. steel pipe. The discharge was
measured in a tank having a cross-sectional area of 50.20 sq. ft. This
tank was also used to measure the discharge from elbow No. 1, which
was preceded by 5 ft. of straight steel pipe and 140.6 ft. of straight
spiral welded steel pipe (a total length of approximately 218 di-
ameters) all of 8 in. nominal diameter. The loss in head between a
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FIG. 4. EIGHT-INCH ELBOW METER AND ARRANGEMENT OF APPARATUS FOR
MEASURING Loss IN HEAD BETWEEN POINTS UPSTREAM
AND DOWNSTREAM FROM METER
section twenty-four inches upstream, and one forty-five inches down-
stream from this elbow was measured by a separate differential gage.
A view of this apparatus is shown in Fig. 4.
After the 8-in. elbow No. 1 was tested it was replaced by a 6-in.
flanged elbow which was preceded by an 8-in. to 6-in. reducer and
followed by another 8-in. to 6-in. reducer in reversed position making
a 6-in. to 8-in. expansion (see Fig. 5). These three fittings took the
place of the 8-in. elbow; the only other change made in the arrange-
ment of the apparatus was the lengthening of the pressure connec-
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FIG. 5. CLOSE-UP VIEW OF INSTALLATION OF SIX-INCH MODIFIED ELBOW METER
SHOWING PRESSURE CONNECTIONS NEAR ENTRANCE FLANGE OF ELBOW
tions to the gage indicating the loss in head before and after the
meter. The reason for substituting the 6-in. modified elbow meter in
the 8-in. pipe for the 8-in. elbow was to increase the velocity in the
elbow, thereby causing a greater difference in pressure than that occur-
ring in the 8-in. elbow for the same discharge. While testing the 6-in.
modified elbow meter, considerable difficulty was encountered due to
pulsations of the gage columns. As a result of this trouble the locations
of the pressure connections were changed in an endeavor to find a
location that would give a large gage reading and a steady one. The
connections were first placed as usual at 45 deg. from each flange,
then near the exit flange of the elbow, and finally near the entrance
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FIG. 6. ARRANGEMENT OF APPARATUS FOR TESTING TEN-INCH ELBOW METERS
flange of the elbow; the last location proved to be the most satis-
factory.
Results showing the relation between h, the difference in pressure
head at the inside and outside curves of the elbow and V, the average
velocity in the pipe for the two 8-in. elbow meters and for the 6-in.
modified elbow meter, when both piezometers are near the entrance
flange, are shown graphically in Fig. 11 in comparison with results of
tests on other flanged elbows.
8. Ten-inch Elbows.-Two 10-in. cast-iron flanged elbows were
tested. These elbows were placed in a pipe line with 18 ft. (nearly 22
diameters) of straight pipe between them. A view of the apparatus
used in this test is shown in Fig. 6. The pipe was slightly oversize
except about 9 in. each side of each elbow; the slight change in sec-
tion where the oversized pipe was welded to the standard-sized pipe
probably caused some turbulence in the flow. During the first series
of these tests the discharge control valve was immediately downstream
from the elbow in the East location. A 10-in. gate valve also immedi-
ately preceded the elbow in the West location. This valve was kept
in the wide-open position while both elbows were being tested in both
locations. The discharge control valve was then moved downstream
11.6 ft. from the East location and the tests repeated. These tests of
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FIG. 7. ELBOW DETAILS-TWENTY-FOUR-INCH ELBOW
the 10-in. elbows furnished a good opportunity to study the effect of
the location of valves with respect to the elbow on the difference in
pressure at the inside and outside curves of the elbow. In order to
obtain additional data on the effect of the proximity of valves, read-
ings were taken when the downstream discharge valve was wide open
and the upper 10-in. gate valve above the West location was used to
control the discharge. There was an 8-in. concentric orifice plate on
the discharge end of the pipe during all the tests, which caused the
pipe to flow full except at low velocities. The discharge during all
the tests on the 10-in. elbows was measured in a concrete tank having
a cross-sectional area of 199.5 sq. ft. and a depth of approximately 12
ft. The relation of h, the difference in pressure head at the inside and
outside curves of the elbow to V, the average velocity in the pipe, is
shown in Fig. 11.
9. Twelve-inch Elbow.-The 12-in. elbow was preceded by straight
12-in. pipe for a distance of 8 ft. (8 diameters) and at that point a
cross with side outlets blanked was located, which in turn was pre-
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FIG. 8. VIEW OF TWENTY-FOUR-INCH PIPE LINE
ceded by 12 ft. of straight pipe and another cross with side outlets
blanked, and then 12 ft. more of straight pipe. The tendency for
crosses to cause turbulence is thought to be small, when there is no
flow through the side outlets. The discharge in this test was measured
in the tanks previously described in the tests of the 10-in. and 8-in.
elbows. The relation between the difference in pressure head at the in-
side and outside curves of the elbow and the average velocity through
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FIG. 9. VIEW OF TWENTY-FOUR-INCH ELBOW IN SOUTH LOCATION SHOWING
PRESSURE CONNECTION TO INSIDE OF BEND AND APPARATUS FOR PITOT
TUBE TRAVERSE, TAKEN UPSTREAM FROM BOTH ELBOWS
the 12-in. pipe is shown in Fig. 11 in comparison with results of tests
on other flanged elbows.
10. Twenty-four-inch Elbows.-The 24-in. elbows were of seg-
mented riveted steel with a radius to the center line of the bend of
somewhat less than the diameter. A detail drawing of these elbows is
shown in Fig. 7. The elbow in the North position was preceded by
62.83 ft. (31 - diameters) of straight spiral riveted pipe. The elbow
in the South location was 111.1 ft. (55.5 pipe diameters) downstream
from the North location. Each elbow was tested in both locations. The
arrangement of the apparatus is shown in Figs. 8 and 9. Pitot tube
traverses were taken a few feet upstream from each location and
showed the velocity distribution curve to be of the usual shape and
quite regular. A graphical representation of the results of these tests
is shown in Fig. 11 in comparison with tests on other flanged elbows.
III. RESULTS AND DISCUSSION
11. Comparison of h-V Curves.-In Fig. 10 is shown graphically
-on logarithmic cross-section paper the relation between the difference
in pressure head, h, in feet of water, at the inside and outside curves
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FIG. 10. RELATION BETWEEN DIFFERENCE IN PRESSURE AT ELBOW AND
VELOCITY THROUGH PIPE OF SAME NOMINAL DIAMETER
AS ELBOW, FOR THREADED ELBOWS
of the elbow, and the average velocity, V, in ft. per sec., through the
pipe for all the threaded elbows tested. In Fig. 11 are shown similar
curves for all flanged elbows tested including the results of Jacobs'
and Sooy's tests.1 It may be noted that the plotted data are repre-
sented by parallel straight lines. The general equation of the straight
lines is h = KVn, in which K is a constant depending on the dimen-
sions of the elbow, and n is the exponent of the velocity, represented
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FIG. 11. RELATION BETWEEN DIFFERENCE IN PRESSURE AT ELBOW AND VELOCITY
FOR FLANGED ELBOWS FOUR TO TWENTY-FOUR INCHES IN DIAMETER
by the slope of the straight line. The values of n are approximately
1.93 for the flanged elbows and 2.00 for the threaded elbows, which
agree fairly well with the value 1.9 found by Jacobs and Sooy.
12. An Analysis of Flow of Water Around Pipe Bends.-In the
analysis of the flow of water through elbows the following notation is
used in conjunction with Fig. 12:
V = mean velocity of water in pipe, in feet per second.
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FIG. 12. SECTION OF ELBOW SHOWING VELOCITY DISTRIBUTION
D = diameter of elbow, in feet.
h = difference in pressure head between inside and outside curves of elbow,
in feet of water.
po = pressure per unit area at outside curve of elbow, pounds per sq. ft.
pi = pressure per unit area at inside curve of elbow, pounds per sq. ft.
r = radius to the mass center of the water flowing in bend, in feet.
x = radius of curvature to any small volume having a cross-section dA and
a length dx, in feet.
p = pressure on area dA at the distance x from the center of curvature,
pounds per sq. ft.
r, R = radii of curvature of inside and outside curves of elbow, respectively, in
feet.
V,, V. = velocity at inside and outside curves of elbow respectively, ft. per sec.
at section considered.
V, = velocity at distance x from center of curvature, ft. per sec.
g = acceleration due to gravity, feet per second per second.
w = weight of water per unit volume, pounds per cu. ft.
Assuming that entrance velocities are equal, that no loss in energy
occurs, and that the stream lines and the center line of the bend are
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concentric, the following analysis may be made, based on Bernoulli's
equation and Newton's second law of motion.
p VI
- + = constant
w 2g
dp 2VdV,
-+ =0
w 2g
dp = - wV-dV- (1)
g
w VI
[p - (p + dp)] dA = - -- dA dx (2)
g x
Substituting value of dp from Equation (1) in Equation (2) and
simplifying,
V0  R
- ^- (3)
log = log -
Vo x
xVx = RVo = a constant = K (4)
This is the equation for a hyperbola which gives a velocity distribu-
tion somewhat similar to that shown in Fig. 12. The velocity dis-
tribution shown in the figure was obtained from a pitot tube traverse
in the 4-in. elbow No. 2 when it was preceded by 150.2 ft. (450.5
diameters) of straight pipe, in which the flow would be expected to
be undisturbed.
From Equation (2)
w VI
dp = - dx (5)
g x
But from Equation (4)
Vx. -
x
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Hence
po x
dp = -- K 2 r-
pi r
PK2 , 1 1
p P-- h =-- 1 (6)
w w 2g r2  R2
The quantity of water flowing in a unit of time through an element
of area whose dimensions are dx and unity is
dx
dQ = Vedx = K--
x
Therefore the rate of discharge per unit of width is
fRdx R
x r
Q =.K =Klog (7)
Jr
But since Q (per unit width) at the diametral plane at which the
difference in pressure is measured is equal to the area (R - r) X 1 X
average velocity through the area, we have
RQ (per unit width) = (R - r) V = K log--
r
in which it will be assumed that V is also equal to the average velocity
over the entire cross-section of pipe.
(R - r) V
.'. K = (8)R
log -
r
Substituting Equation (8) in Equation (6) and simplifying,
h= (R - r)2 1 1 )
V
,
log R 2  r R
2  2g
V2
h = C-
2g
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In which (R - r)2  1 1C R----R 2 ( 1 ) (10)
When the values of C obtained from Equation (10) were compared
with the corresponding values obtained from tests it was found that
Equation (10) yielded reliable values only when the radius of curva-
ture of the centerline of the elbow was 1.5 times the diameter of the
elbow. Apparently for the sharper radii of curvature the conditions
of flow vary widely from those assumed in the derivation.
A second analysis of the flow around a bend is given which does
yield values of the constant that compare favorably with the test
values. If one applies Newton's second law of motion to the small
prism of water of length D, and of cross-sectional area, dA, as shown
in Fig. 12, the following equations are obtained, assuming this prism
to have a motion of rotation about the center of curvature of the bend:
w V2
(podA - pidA) = -- D dA-- (11)
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Ck =- (14)
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Equation (12) shows that the difference in pressure head between
the outside and inside curves of an elbow through which water is flow-
ing is a constant times the velocity head (based on the average
velocity) in the pipe. As before stated this analysis is approximate,
but values obtained by its application agree quite well with the ex-
perimental data, especially for the flanged elbows.
13. Comparison of Ck for All Elbows Tested.-The curves in Fig.
13 show the relation between Ck and the average velocity in the pipe.
It can be seen from these curves that, for most of the elbows, Ck does
not vary when the velocity of the water in the pipe is greater than
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TABLE 2
VALUES OF Ck FOR ELBOWS TESTED
Nominal Diameter Value of Ck
of Elbow Type of Elbow Radius to Center --
in. Line of Elbow
From Tests Computed
1 Threaded rt = D approx. 1.40 2.00
2 Threaded r = D approx. 1.70 2.00
4 Threaded r = D approx. 1.72 2.00
4 Flanged r = 1.5 D 1.50 1.33
8 Flanged, modified* r = D 1.73 2.00
8 Flanged r = D 2.00 2.00
10 Flanged r = D 2.05 2.00
12 Flanged r = D 2.20 2.00
24 Flanged r = 0.8 D 2.50 2.50
*For description of modified elbow meter see Section 7.
tr = radius to centerline of elbow, D = nominal diameter of elbow.
approximately 2 ft. per sec. The scattered points at low velocities were
probably due, to some extent, to the difficulty in reading the gages
accurately when the difference in head is small. In Table 2 are given
the average values of Ck determined from the tests, and the corre-
sponding values calculated from Equation (14).
It may be noted from Table 2 that the computed values for Ck
agree fairly well with the test values for flanged elbows, but the agree-
ment is not so satisfactory for the threaded fittings which were of
larger inside diameter than the pipe. The sudden enlargement and
sudden contraction in the flow probably account for some of the dis-
crepancy. The 6-in. modified elbow meter could hardly be expected to
check the others closely because of the adjacent converging and diverg-
ing connections.
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14. Effect of Radius of Curvature of Elbow and Diameter of Elbow
on Value of Ck.-In Fig. 14 is shown the relation between Ck and the
diameter of the elbows for elbows having different radii. These data
indicate, within the range of the tests, that Ck increases as the diameter
of the elbow increases, and decreases as the ratio of radius of curva-
ture of elbow to diameter of elbow increases, as would be expected
from Equation (14).
15. Effect of Location of Elbow in Pipe Line on Value of Ck.-It
is to be expected that the length of straight pipe which precedes 'an
elbow will affect the results obtained from the elbow meter. In Fig.
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15 is shown the relation between Ck and the velocity through the pipe
for three 4-in. cast-iron flanged elbows all tested simultaneously in
three locations in the same pipe line as described in Section (6). It
may be noted from the plotted data in Fig. 15 that the value of Ck for
each elbow is little affected by the position in the pipe line as shown by
this test. Therefore, if an elbow is preceded by 25 diameters, perhaps
less, of straight pipe it may be considered as having normal flow
through it. In Fig. 16 are shown the same data as previously shown in
Fig. 15, but grouped by location instead of by elbows. It may be noted
again that, in this particular test, at least, Ck is controlled more by the
individual elbow than by its location in the pipe line. The elbow having
the highest value of Ck, elbow No. 3, is highest in all three locations.
In Fig. 17 are shown the data obtained from the tests of two 10-in.
elbows each tested in the same two locations (see Fig. 6). From these
data, the location and approach seem to have a marked effect. Both
the 10-in. elbows gave approximately the same value of Ck when
tested in the same location and under similar conditions. In Fig. 18 is
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shown the effect caused by disturbances to the flow due to different
locations of the discharge control valve on the value of Ck for the
10-in. elbow No. 2. It may be noted that the discharge control valve
when located adjacent to, and downstream from, the elbow causes
the value of Ck to be lower than when located 11.6 ft. downstream.
When the discharge control valve was upstream from, and adjacent to,
the elbow in the West location the value of Ck was higher than in
either of the other two tests. Therefore, on the basis of the results of
the tests on the 10-in. elbows, the discharge control valve for an elbow
meter should be placed at least ten pipe diameters downstream from
the elbow.
16. Effect of Using Elbow With Smaller Diameter Than That of
Pipe on Value of Ck.-The curves in Fig. 19 show the effect on the
value of Ck of using a 6-in. elbow with two 8-in. to 6-in. reducers con-
necting it to the 8-in. pipe instead of using an 8-in. elbow in an 8-in.
pipe line (see Figs. 4 and 5). As may be noted, Ck is not only in-
creased from 2.05 for the 8-in. elbow to 5.45 for the 6-in. modified
elbow, but has a constant value for much lower velocities in the 8-in.
pipe. The minimum velocity in the 8-in. pipe for which the coefficient
Ck is a constant for the 8-in. elbow meter is approximately 3.5 ft. per
sec., while the corresponding velocity in the 8-in. pipe if the 6-in.
modified elbow meter is used is about 1.5 ft. per sec. The 6-in. modified
elbow meter, therefore, is not only more accurate than the 8-in. elbow
meter in that it gives a larger reading on the differential gage for the
same velocity in the 8-in. pipe, but is also more reliable for low
velocities in the pipe. In Fig. 20 the relation between the head lost
through each of the elbow meters and the average velocities of the
water in the pipe and in the elbows is shown. It may be noted that
the loss of head is greater, more than three times greater, through the
6-in. modified elbow meter than through the 8-in. elbow meter for the
same velocities in the 8-in. pipe, but for equal velocities through the
elbows the head lost is identical for both meters. The equation of
the curves in Fig. 20 is
V2
hL = 0.011V 2 = 0.71--,
2g
where hL is the head lost in feet of water, and V is the average velocity
in the elbow, ft. per sec.
During the tests of the 6-in. modified elbow meter difficulty was
encountered due to pulsating gage columns which caused a wide varia-
tion in the value of Ck. In an effort to remedy this trouble, three
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FIG. 21. RELATION BETWEEN C, AND VELOCITY THROUGH A SIx-INCH ELBOW PRE-
CEDED BY AN EIGHT-INCH TO SIX-INCH REDUCER AND FOLLOWED BY A SIX-INCH TO
EIGHT-INCH ENLARGEMENT FOR VARIOUS LOCATIONS OF PRESSURE CONNECTIONS
different locations of the pressure connections were tried in the tests
of the 6-in. modified elbow meter, the results of which are shown in
Fig. 21. When the pressure connections were located as near the
entrance flange of the elbow as possible it was found that the best
results were obtained; the gage columns for this location of the pres-
sure connections were exceedingly steady, and the value of Ck was
constant for a lower minimum velocity than when the other locations
were used.
17. Relation Between Ck and Reynolds' Number.-In Fig. 22 is
shown the relation between the values of Ck obtained from tests and
values of Reynolds' number for the threaded elbows and the flanged
elbows, respectively. A study of these data will indicate that for
elbows having different diameters, although supposedly geometrically
similar, the value of Ck is different for the same Reynolds' number.
This would indicate that the flow through the supposedly geometri-
cally similar elbows was not dynamically similar, and therefore
Reynolds' number is not the sole criterion by which Ck should be
selected for application. Some of the variation in Ck may be due to
differences in roughness in the commercial type elbows, and certainly
some is due to inability to make joints, either threaded or flanged,
exactly similar in different installations of an elbow. However, Fig. 22
should be helpful in selecting a value of Ck for use when considering
the flow of fluids other than water, or of water when at temperatures
appreciably different from those given in Fig. 13.
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IV. CONCLUSIONS
18. Summary and Conclusion.-The main object in this investiga-
tion was to determine the feasibility of using an elbow in a pipe line as
a means of measuring the flow of a fluid through a pipe line, by
measuring the difference between the pressures of the fluid on the
inside and outside curves of the elbow, respectively.
The conclusion is reached that the ordinary commercial elbow
(90-deg. bend) may be used successfully as a flow meter. Above a
certain minimum velocity, usually 1.5 to 2.0 ft. per sec., a constant
ratio, Ck, exists between h, the difference between the pressure heads at
V 2
the inside and outside curves of an elbow, and 2, the velocity head
of the water passing through the pipe. The equation giving this re-
V2
lationship is h = C1k b-. For accurate results the value of Ck for any
elbow meter should be found by calibrating the elbow meter in the
actual service location. If the elbow cannot be thus calibrated, an in-
telligent use of the curves given in Figs. 10, 11, 13, and 22 should
make it possible to select a value of Ck from which the discharge may
be calculated with an error of less than ten percent.
The principal advantage which the elbow meter possesses over
most other types of flow meters arises from the fact that the elbow
is already in the pipe line and hence no increased resistance to flow
and very little initial cost is incurred by converting the elbow into
a meter.
Within the limits of the tests the coefficient Ck increases somewhat
as the diameter of the elbow increases, and decreases as the ratio of
radius of curvature of elbow to diameter of elbow increases, as shown
in Fig. 14.
In these tests twenty-five diameters of straight pipe preceding an
elbow was a length sufficient to insure satisfactory performance of
the elbow meter. "
It is desirable that the discharge control valve should be at least
10 pipe diameters downstream from an elbow meter, as is shown in
Section 15.
The value of the constant Ck can be increased by using, with suit-
able connections, such as the two reducers shown in Fig. 5, an elbow
having a smaller diameter than the pipe line, thereby increasing both
the accuracy and sensitivity of the meter by causing a higher velocity
through the elbow than exists in the pipe. The most desirable location
for the pressure connections for such a modified elbow meter are dis-
cussed in Section 16.
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AGRICULTURAL EXPERIMENT STATION BUREAU OF BUSINESS RESEARCH
ENGINEERING EXPERIMENT STATION BUREAU OF COMMUNITY PLANNING
EXTENSION SERVICE IN AGRICULTURE BUREAU OF EDUCATIONAL RESEARCH
AND HOME ECONOMICS BUREAU OF INSTITUTIONAL RESEARCH
State Scientific Surveys and Other Divisions at Urbana
STATE GEOLOGICAL SURVEY STATE DIAGNOSTIC LABORATORY
STATE NATURAL HISTORY SURVEY (Animal Pathology)
STATE WATER SURVEY STATE DIVISION OF PLANT INDUSTRY
STATE HISTORICAL SURVEY U.S. WEATHER BUREAU STATION
For general catalog of the University, special circulars, and other information, address
THE REGISTRAR, UNIVERSITY OF ILLINOIS
URBANA. ILLINOIS
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